This study aimed to evaluate the effects of three treatments, i.e., Bifidobacterium longum BB-46 (T1), B. longum BB-46 combined with the pectin (T2), and harsh extracted pectin from lemon (T3) on obesity-related microbiota using the Simulator of the Human Intestinal Microbial Ecosystem (SHIME®). The effects of the treatments were assessed by the analysis of the intestinal microbial composition (using 16S rRNA gene amplicon sequencing) and the levels of short-chain fatty acids (SCFAs) and ammonium ions (NH 4 + ). Treatments T2 and T3 stimulated members of the Ruminococcaceae and Succinivibrionaceae families, which were positively correlated with an increase in butyric and acetic acids. Proteolytic bacteria were reduced by the two treatments, concurrently with a decrease in NH 4 + . Treatment T1 stimulated the production of butyric acid in the simulated transverse and descending colon, reduction of NH 4 + as well as the growth of genera Lactobacillus, Megamonas, and members of Lachnospiracea. The results indicate that both B. longum BB-46 and pectin can modulate the obesity-related microbiota; however, when the pectin is combined with B. longum BB-46, the predominant effect of the pectin can be observed. This study showed that the citric pectin is able to stimulate butyrate-producing bacteria as well as genera related with anti-inflammatory effects. However, prospective clinical studies are necessary to evaluate the anti/pro-obesogenic and inflammatory effects of this pectin for future prevention of obesity.
Introduction
Obesity is a global public health concern and can result in many health complications like insulin resistance, type II diabetes, dyslipidaemia, hepatosteatosis, and hypertension (Flegal et al. 2015) . The metabolic syndrome, characterized by the association of risk factors for cardiovascular disease, peripheral vascular disease, and diabetes, is highly prevalent in obese individuals and is directly related to a sedentary lifestyle, along with unhealthy eating behavior (Kushner and Choi 2010) .
The recent studies have demonstrated the interplay between the composition of intestinal microbiota and proinflammatory response, metabolic disturbances, gut barrier, and energy balance Fleissner et al. 2010; Bomhof and Reimer 2015) , showing that the human gut microbiota has a crucial role in the onset and establishment of obesity (Rosenbaum et al. 2015 ). The precise role of the gut microbiota in obesity is still being investigated, but it is known that changes in the composition of the gut microbiota as a consequence of the ingestion of high-fat diets may lead to lipogenesis (Bäckhed et al. 2007) , increased gut permeability of lipopolysaccharides (LPS), and chronic inflammation (Cani et al. 2008) .
The intake of dietary fiber can modulate the microbiota, protecting against several health complications such as large bowel and stomach carcinoma, type 2 diabetes, metabolic syndrome, and cardiovascular disease (Trepel 2004; Anderson et al. 2009 ). The term "dietary fiber" includes a number of polymeric plant materials (polysaccharides, oligosaccharides, lignin, and compounds associated with the plant cell wall) which have beneficial physiological effects, including laxation as well as attenuation of blood glucose and cholesterol concentrations (DeVries et al. 2001) .
Pectins are complex hetero-polysaccharides (Voragen et al. 2009 ), currently acknowledged as emerging prebiotics which are able to modulate the microbiota, including increases in bacterial species like Faecalibacterium prausnitzii or Roseburia intestinalis (Gómez et al. 2016) . Furthermore, pectins slow the gastric transit, moderate the glycemic index, and help to control energy intake, and in some cases, they may have the potential to reduce the risk of colon cancer and cardiovascular diseases (Olano-Martin et al. 2002) . According to Wicker and Kim (2015) , pectin is fermented by colonic bacteria generating short-chain fatty acids. Although some studies have linked short-chain fatty acids (SCFAs) to obesity, showing higher total amount of SCFA in the obese microbiota, especially regarding acetic acid Schwiertz et al. 2010; Rahat-Rozenbloom et al. 2014; Perry et al. 2016) , there is a strong indication that acetate, propionate, and butyrate have a protective action against weight gain, being considered predominantly anti-obesogenic (Chakraborti 2015; Lu et al. 2016; Morrison and Preston 2016) . According Wren and Bloom (2007) and Zhou et al. (2008) , the formation of SCFA has been associated with increased expression and production of hormones related to anorexigenic effects.
The SCFA production can also be increased by some probiotic strains as Bifidobacterium adolescentis, Bifidobacterium longum, and Bifidobacterium pseudocatenulatum, which are able to modulate the composition of the microbiota, increasing the production of intestinal metabolites including SCFA (Duncan et al. 2004; Falony et al. 2006; An et al. 2011) . Several studies have shown that lactate and /or acetate produced by bifidobacteria is used by some bacterial genera such as Roseburia, Eubacterium, and Anaeroestipes, which convert these metabolites into SCFA (Duncan et al. 2004; Falony et al. 2006) . Furthermore, according to An et al. (2011) , some specific strains of bifidobacteria are related to lipid-lowing effects and reduced body weight and therefore, may be potential therapeutic candidates for obesity management. Although many authors have been associating different bifidobacteria as well as pectin and other fibers to gut microbial and metabolite composition, few studies exist associating the synbiotic effect of B. longum BB-46 and pectin, especially on obesity-related microbiota.
The interactions between the intestinal microbiota community and determined probiotic, prebiotic, and other fibers can be evaluated by both in vivo and in vitro systems. The in vivo models present some limitations such as high cost, invasive research methods, and, in case of animal studies, the impossibility to extrapolate the obtained results to human reality (Parvova et al. 2011) . Therefore, many studies have been using in vitro systems, as for example the Simulator of the Human Intestinal Microbial Ecosystem (SHIME®), to study such interactions (Macfarlane and Macfarlane 2007) . The SHIME® is a validated in vitro system able to simulate the different parts of the gastrointestinal tract, proven to be very useful in analyzing the human intestinal microbial community (Molly et al. 1994; Kontula et al. 2002) .
Therefore, the aim of this study was to investigate the impact of a pectin extracted from lemon and the probiotic strain B. longum BB-46, in combination or alone, on fecal microbiota collected from obese adults with the use of the Simulator of the Human Intestinal Microbial Ecosystem (SHIME®).
Materials and methods
Bacterial culture conditions and pectin origin B. longum BB-46 was provided by Christian Hansen (Copenhagen, DK) as fresh cultures and maintained at − 80°C in MRS broth with glycerol. The strain was activated in MRS broth supplemented with L-cysteine (0.05%) and cultured at 37°C for 24 h. The cells were centrifuged (2600 rpm/ 10 min., 4°C) and washed with saline solution (0.85% (w/v) NaCl). The harsh extracted LM pectin from lemon was provided by CP Kelco (Lille Skensved, DK).
Microbiota fermentations in the SHIME®
Microbiota fermentations were performed in the Simulator of the Human Intestinal Microbial Ecosystem (SHIME®). The SHIME® was developed by researchers from the University of Ghent (Ghent, Belgium) and validated by Molly et al. (1994) . It is a system that enables the mimicking and maintenance of the human gastrointestinal microbial diversity in vitro for several months (Molly et al. 1993) . In this system, the pH, residence time, and temperature are controlled by a software (Possemiers et al. 2004 ). The SHIME® is composed by five double-jacketed vessels. These vessels simulate the stomach, the duodenum, and the ascending, transverse, and descending colon.
The pH of the stomach was automatically adjusted by the addition of NaOH 1 M or HCl 1 M. The duodenum was simulated with 60 mL of artificial pancreatic juice (per liter; 12.5 g of NaHCO 3 , 6 g of Oxgall, and 0.9 g of pancreatin) at a rate of 4 mL/min for 15 min (Molly et al. 1994; Possemiers et al. 2004) . The pH culture of the colon vessels 3 (V3), 4 (V4), and 5 (V5) was automatically adjusted by the addition of NaOH 0.5 M or HCl 0.1 M (Molly et al. 1994; Possemiers et al. 2004) .
A magnetic stirrer provided the five vessels to be continuously stirred whereas the temperature was maintained at 37°C. Continuous anaerobic conditions were provided through daily N 2 flushing for 30 min.
Fecal inoculum
At the beginning of the experiment, the colon vessels (V3, V4, and V5) were inoculated with bacteria from a mixed stool sample of three obese adults (body mass index (BMI) between 30 and 39.9 kg/m 2 ) and waist circumference > 80 cm). All donors had not consumed probiotic products over the past 3 to 6 months and had no history of antibiotic treatment within a period of 6 months prior to the study.
From the selected donors, 40 g of feces (~13.5 g of each donor) was collected and diluted in phosphate buffer (200 mL) containing 0.05 mol/L of Na 2 HPO 4 , 0.05 mol/L NaH 2 PO 4 , and 0.1% of Na-thioglicolate (pH = 6.5). Subsequently, after being stirred in a homogenizer (stirrer model 130, Norte Científica, São Paulo, BR) for 10 min, the diluted sample was centrifuged for 15 min at 3000 rpm. From the supernatant, 40 mL was added to vessels 3, 4, and 5, which were already filled with the SHIME® feed [carbohydratebased medium that allows the adaptation to specific environmental conditions of the ascending, transverse, and descending colon in terms of pH range, retention time, and available carbon sources] at specific volumes, allowing for the adjustment and stabilization of the microbial community (Molly et al. 1994) . SHIME® feed is composed of starch 
Experimental protocol in a SHIME® model
The experimental protocol included a 2-week control period after the stool sample inoculation to allow the adaptation of the microbial community to physicochemical and nutritional conditions prevailing in different parts of the colon (Molly et al. 1994 ) and also to stabilize the microbial community (Possemiers et al. 2004) . During this period, 200 mL of the SHIME® feed entered through the system three times a day. After 2 weeks of stabilization (period where no more changes are observed in the microbiota composition and metabolite production.), the protocol was followed by 1 week of treatment with B. longum BB-46 (T1), 1 week of treatment with B. longum BB-46 and pectin (T2), 1 week of washout period (W), and 1 week of treatment with pectin (T3). B. longum BB-46, as well as pectin combined with BB-46 and pectin alone, were applied together with the SHIME® feed (200 mL) twice a day. B. longum was added at 10 8 CFU mL
, and the pectin at 2% (w/v). The complete protocol is shown in Fig. 1 .
Microbiological analysis employing 16S rRNA gene sequencing
Samples from each compartment of the colon were weekly collected for 16S rRNA gene sequencing. Microbiota profiles of each compartment of the SHIME® were determined using tag-encoded 16S rRNA gene fragment amplicon sequencing. Two technical replicates were performed per treatment.
The DNA isolation of each sample was performed using the "PowerLyzer@PowerSoil DNA Isolation Kit" (Qiagen, Valencia, USA). Samples in a volume of 4.0 mL each were centrifuged (rpm), and the pellet freeze-dried. To start the DNA isolation, 700 μL of bead solution was added to the freeze-dried sample, and the next steps were performed according to the kit's manual.
After the DNA isolation, the polymerase chain reaction I (PCR I) was conducted. The V3 region (∼ 190 bp) of the 16S rRNA gene was amplified using primers compatible with a Nextera Index Kit (Illumina) (NXt_388_F: 5′-TCGT C G G C A G C G T C A G AT G T G TATA A G A G A C A G ACWCCTACGGGWGGCAGCAG-3′ and NXt_518_R: 5′-GTCTCGTGGGCTCGG AGATGTGTATAAGAGACAGA TTACCGCGGCTGCTGG-3′). The PCR was performed using 12 μL of AccuPrime SuperMix II (Life Technologies, Camarillo, USA), 5 μL of genomic DNA (∼ 20 ng/μl), and 0.5 μL of each primer (10 μM). Nuclease-free water was added to complete the volume to 20 μL. The following setup was used: 95°C for 2 min of initial denaturation, followed by 33 cycles of denaturation at 95°C for 15 s, annealing at 55°C for 15 s, followed by elongation at 68°C for 30 s, final extension at 68°C for 4 min, and final cooling to 4°C (Williams et al. 2017) .
To incorporate primers with adapters and indexes, a new PCR was performed (PCR II). PCR II reactions were performed using 2.0 μL of primers P5 and P7 (Nextera Index Kit), 12 μL Phusion High-Fidelity PCR Master Mix (Thermo Fisher Scientific, Tewksbury, USA), 2 μL PCR I product, and nuclease-free water for a total volume of 25 μL. The following setup was used: initial denaturation at 98°C for 1 min, followed by 13 cycles of 98°C for 10 s, annealing at 55°C for 20 s and elongation at 72°C for 20 s, final extension at 72°C for 5 min, and cooling to 4°C. After PCR II, the purification of the amplified fragments, along with adapters and tags, was conducted through AMPure XP beats (Beckman Coulter Genomic, Indianapolis, USA) (Williams et al. 2017) .
The sequencing was performed on the Illumina NextSeq instrument as a part of a flowcell using a 2 × 150-cycle MID output kit V2 (Illumina, San Diego, USA). The raw dataset of pair-ended reads and respective quality scores were merged and trimmed with settings, according to Williams et al. (2017) . Subsequent analysis steps were conducted using the Quantitative Insight Into Microbial Ecology (QIIME) opensource software package (1.7.0 and 1.8.0) (Caporaso et al. 2011 ). The UPARSE pipeline was employed in order to purge the dataset of chimeric reads, as well as to construct de novo operational taxonomic units (OTUs). As a reference database, the green genes (13.8) 16S rRNA gene collection was used, as previously described by McDonald et al. (2012) . To normalize different depths of sequencing samples, the matrix abundance of taxonomic units of each sample was divided by the total number of pairings after cutting. For rarefied OTU tables (23,000 reads/sample), alpha diversity measures expressed with an observed species (sequence similarity 97% OTUs) value were computed. For this purpose, the alpha rarefaction workflow was employed.
Short-chain fatty acid and ammonium ion (NH 4 + ) analyses
Samples were collected weekly from the vessels V3 (ascending colon), V4 (transverse colon), and V5 (descending colon) for SCFA and NH 4 + analyses throughout the experimental period (control, treatments, and washout). For the determination of SCFA, 2 mL of the samples was centrifuged (14,000 rpm for 5 min), followed by the dilution of 100 μL of the supernatant in 1900 μL of ultrapure water. Next, NaCl (1 g) and crotonic acid (100 μL) were added, as well as isobutanol (70 μL) and 2 M H 2 SO 4 (200 μL). The SCFA analysis was conducted using a 2010-model gas chromatograph (Shimadzu, Gifu, JP) equipped with a split/splitless injector, a flame ionization detector, and a CombiPAL automated sampler for headspace analysis. Separation of the SCFAs took place through a HP-INNOWAX column (30 m × 0.25 mm × 0.25 μm) (Agilent Technologies, La Jolla, USA). Hydrogen was used as the carrier gas, the flow rate was set at 1.45 mL/min, and the temperature of the injector and the detector was maintained at 240°C (Adorno et al. 2014) .
NH 4 + amounts were determined through a selective ion meter (HI 4101 model, Hanna Instruments, Leighton Buzzard, UK) coupled with an ammonia selective ion electrode (Orion 95-12). Samples collected from the colon vessels (10 mL) were transferred to 0.2 mL of an ammonia pH ionic strength adjusting solution (Orion, Thermo Fisher, Millersburg, USA). The analyses were performed in duplicates.
Statistical analysis
The significance of the results was determined using a oneway ANOVA, and individual means were compared through the Tukey test (p < 0.05), employing Biostat 5.0 software (IBM, Belém, BR) (Ayres et al. 2007) . A simple correspondence analysis was used to test the correlation between the treatments and the microbiota composition using the Minitab Software (State College, USA) (Minitab 2010) . Correlation analyses were made to correlate the SCFA production and ammonium ions with specific groups of bacteria using the Spearman correlation test. A value of p < 0.05 was considered statistically significant. The Spearman correlation test was conducted using the open-source RStudio software program (RStudio 2017). This program was also used to create a heatmap based on the relative abundances of different genera.
Accession number
The sequences have been deposited at the European Nucleotide Archive (ENA) under the accession number PRJEB23969.
Results

Sequencing characteristics
The sequencing yielded a total of 2,614,738 reads from 30 microbiota samples collected during treatment with B. longum BB-46, B. longum BB-46 combined with pectin, and pectin alone. These sequencing reads were merged and clustered into operational taxonomic units (OTUs). After normalizing the data, a total of 690,000 sequences were produced, generating 23,000 sequences per sample. On average, 406 OTUs were obtained per sample (ranking from 232 to 616). Rarefaction curves were constructed to evaluate the sequencing depth and the species richness. The curves suggested that sequencing depth was enough to cover most of the bacteria in the SHIME® samples (Supplemental Fig. S1 ). As Supplemental Fig. S2 shows, alpha diversity measurement suggested variations in species richness (Chao1) and diversity (Shanon index) between samples. Treatments with pectin (T3) and pectin with B. longum BB-46 (T2) showed the lowest richness (index of 271 to 487 during treatment T2 and 309 to 530 during treatment T3) and diversity (index of 3.72 to 4.88 during treatment T2 and 3.93 to 4.75 during treatment T3). Figure 2 shows the main bacterial phyla determined in the microbiota from obese individuals during all the experiment in SHIME® model. A high relative abundance of Firmicutes phylum (73%, 61%, and 51% for the ascending, transverse, and descending colon, respectively), followed by Bacteroidetes (19%, 27%, and 34% for the ascending, transverse, and descending vessels, respectively), and Actinobacteria (8%, 11%, and 13% for the ascending, transverse, and descending vessels, respectively) was observed during the control period. The effects of treatments were similar in the three regions of the colon vessels, with minor differences in abundance proportions. A high increase in Firmicutes as well as a decrease in Bacteroidetes was observed during the treatment with B. longum BB-46 (T1). Treatments T2 (pectin with BB-46) and T3 (pectin alone) stimulated the increase in Proteobacteria as well as the reduction in Bacteroidetes phylum (Fig. 2 ). An increase in the abundance of Firmicutes was also observed during the treatment with pectin alone (T3).
Microbiota composition
As observed in Fig. 3a , the increase in Firmicutes phylum during the treatment with B. longum (T1) was mostly due to the abundance of the Lachnospiraceae and Veillonellaceae families and a small contribution of Lactobacillaceae, while during T3 (pectin alone), this increase was mostly attributed to the high abundance of Ruminococcaceae. A correspondence analysis was performed to test the correlation between the different treatments and the microbiota composition in terms of family (Fig. 3b) . The two first axes of the correspondence analysis aggregated 61.43% of the total variance, which is sufficient to explain the results. The impact of treatments (T1, T2, and T3) was similar in the three regions of the colon (V3, V4, and V5) and we could clearly see three distinct groups. One group was composed of the control period (C) and the washout period (W), whereas another was composed of the treatment with B. longum BB-46 (T1), and the final one contained the treatments T2 (pectin combined with B. longum BB-46) and T3 (pectin). These groups were clustered based on the microbiota composition similarity in terms of family. We could observe a relationship between T2 and T3 and the families Succinivibrionaceae, Ruminococcaceae, and Erysipelotrichaceae, as well as between T1 and Lachnospiraceae, Veillonellaceae, Lactobacillaceae, and Synergistaceae (Fig. 3b) . As Fig. 3b shows, when B. longum was combined with pectin, only the pectin effects could be observed, and as a consequence, treatments T2 (pectin with BB-46) and T3 (pectin) were clustered together due to the similarity of the microbiota composition. Figure 4 shows the relative abundance of Lachnospiraceae family during the fermentation with B. longum BB-46 (T1), B. longum BB-46 and pectin (T2), and pectin (T3) in the SHIME® model. Similar effects were observed in the three regions of the simulated colons. A significant increase in the Lachnospiraceae family (p < 0.01) was observed during the treatment T1 when compared to the control period, whereas a significant decrease was noticed during the treatments T2 and T3. No significant difference was observed between the last two treatments. Figure 5 shows the relative abundance of bacterial genera in the obese microbiota during the different fermentations in the SHIME® model. The control and washout periods showed similar bacterial genera composition, as well as treatments T2 (pectin and BB-46) and T3 (pectin). Treatment T1 (with BB-46) showed different genera composition, but closer to the control and washout periods. These results reinforce the idea that both pectin and B. longum BB-46 can modulate the obese microbiota in different ways, but when combined in a presented setup, the predominant effect of the pectin can be observed. The most dominant genera found during T2 and T3 were the Succinivibrio (relative abundance of 28-37%) and an unclassified genera of the Ruminococcaceae family (relative abundance of 33-53%). Blautia (relative abundance of 14-19%) and Megamonas (relative abundance of 19-32%) were the most dominant genera found during treatment T1 (Fig. 5) . Table 1 shows the relative abundance of bacterial genera with significant changes during the three treatments (BB-46 (T1), BB-46 with pectin (T2), and pectin (T3)) in the SHIME® model. A significant increase (p < 0.05) in Succinivibrio, Holdemanella, Alteromonadaceae, unclassified genera of Ruminococcaceae (OTUs 1077 (OTUs , 1194 (OTUs , 1027 (OTUs , 1153 (OTUs , 1037 , and Catenibacterium genera was found during treatments T2 and T3, when compared to the control period. During treatment T1, a significant increase (p < 0.05) in Blautia, Megamonas, Succinivibio, Holdemanella, Lactobacillus (only ascending and descending colon), Dorea, unclassified genera of Lachnospiraceae family, Catenibacterium, and Bacteroides (only descending colon) was found. Figure 6 shows the results obtained for SCFA. B. longum BB-46 (T1) had no effect on SCFA production, except for an increase (p < 0.05) in butyric acid in the transverse and descending colon. However, a high and significant increase (p < 0.05) in acetic and butyric acid was observed during the treatments with the B. longum BB-46 and pectin (T2) and just pectin (T3), with a higher increase in butyric acid, especially during the treatment with pectin (T3) in the three regions of the colon (increase by 7, 4.5, and 12 folds in the ascending, transverse, and descending colon, respectively, comparing to control period). There were no significant changes in propionic acid contents during the different treatments in all colon regions.
Metabolic activity
As Fig. 7 shows, a significant decrease in NH 4 + production in all compartments of the colon vessels was observed (p < 0.05) during the three different treatments (BB-46, BB-46 with pectin, and pectin) (Fig. 7) . However, the largest reduction of NH 4 + occurred during the treatments with BB-46 combined with pectin (T2) and pectin (T3). There was no statistical difference in ammonium levels between treatments T2 and T3 for all the colon regions evaluated.
Correlation analysis was performed to identify the genera related to production of SCFA or NH 4 + (Fig. 8) . The relative abundance of Succinivibrio and seven unclassified genera of Ruminococcaceae (OTUs 1077, 1037, 601, 576, 1197, 1153, and 1027) had positive correlations with production of butyric and acetic acid. Holdemanella (Erysipelotrichaceae family) and an unclassified genera of Alteromonodaceae also showed a positive correlation with butyric and acetic acid and a negative 2.91 ± 0.48* correlation with ammonium ions. The relative abundance of Streptococcus, Bacteroides, and Clostridium positively correlated with the levels of ammonium ions. Succinivibrio and three unclassified genera of Ruminococcaceae (OTUs 1077, 601, and 1194) showed negative correlation with NH 4 + (Fig. 8 ).
Discussion
In this study, we evaluated the effects of three treatments, i.e., B. longum BB-46 (T1), B. longum BB-46 combined with the pectin (T2), and harsh extracted pectin from lemon (T3), on obesityrelated microbiota using a Simulator of the Human Intestinal Microbial Ecosystem. A high increase in Ruminococcaceae (mainly OTUs 1077, 1194, and 1027-unclassified genera of Ruminococcaceae) and Succinivibrionaceae members (mainly Succinivibrio genus) was observed during the treatments T2 (pectin with BB-46) and T3 (pectin). Both families are able to degrade pectin as well as other carbohydrates such as starch (Duncan et al. 2007; Santos and Thompson 2014; Tian et al. 2017) . The pectin probably stimulated the increase of Ruminococcaceae and Succinivibrionaceae members during the treatments T2 and T3, inhibiting the growth of several bacterial species due to a competitive advantage, which might explain the low bacterial diversity (in all colon vessels) during these two treatments. The increase in Succinivibrionaceae and Ruminococcaceae members is, however, considered as beneficial, since both families are associated with several health benefits (Louis et al. 2010; Li et al. 2012; Nakayama et al. 2017) . Members of the Succinivibrionaceae family (Proteobacteria phylum) have a protective role against gut inflammation and are able to efficiently transport molecules implicated in immune recovery (Li et al. 2012) . Moreover, investigating the impact of dietary habits on the gut microbiota, Nakayama et al. (2017) showed that the genus Succinivibrio had a negative correlation with total fat intake. Ruminococcaceae, the other dominant family in this study (during T2 and T3), include members with potential specialization in ecological niches, such as the ability to generate energy from fermentable substrates available in the colon using different routes (Arumugam et al. 2011 ). According to Louis et al. (2010) , members of this family have been associated with the maintenance of the gut health and the production of butyric acid. In addition, by investigating the correlation between changes in the body weight over time and the gut microbiome composition, Menni et al. (2017) showed that the family Ruminococcaceae was nominally protective against weight gain. Such findings are interesting for the present study, since we used fecal samples from obese people. Tian et al. (2017) as well as Gómez et al. (2016) also reported an increase in Ruminococcaceae members during fermentation of citrus pectin, but none of them observed changes in Succinivibrionaceae members. These studies were, however, 3.32 ± 3.78
1.14 ± 0.13* In this study, we observed an increase (p < 0.05) in acetic and butyric acids during the treatments with B. longum BB-46 and pectin (T2) and pectin alone (T3). According to Santos and Thompson (2014) , members of the Succinivibrionaceae family can ferment carbohydrates to succinate and acetate, which may explain the high increase in acetic acid contents during treatments T2 and T3. Correlation analysis between the abundances of the gut microbiome and SCFAs revealed that Succinivibrio correlated positively with acetic acid.
The family Ruminococcaceae includes the major butyrateproducing species (Louis et al. 2010) , which may explain the high increase in the butyric acid production, especially during treatment T3 (pectin) in vessel 3. According to Gómez et al. (2016) , some pectins and oligosaccharides derived from pectin have been identified as emerging prebiotics due to their intestinal microbiota modulation ability, including the increase in some bacteria from the Ruminococcaceae family such as F. prausnitzii. In this study, there was no increase in F. prausnitzii during the treatments but rather an increase in the OTUs 1194 OTUs , 1153 OTUs , 1077 OTUs , 1037 OTUs , 1027 , and 576 (unclassified genera of Ruminococcaceae) was observed during treatments T2 and T3. Correlation analysis between the abundance of the gut microbiome and SCFAs revealed that the different unclassified genera of the Ruminococcaceae family correlated positively with butyric acid levels, confirming the relationship between Ruminococcaceae members and butyric acid production.
In this study, we also observed a positive correlation between the levels of butyric acid and two bacterial genera: an unclassified genera of Alteromonadaceae family and Eubacterium biforme, reclassified as Holdemanella biformis (De Maesschalck et al. 2014) . H. biformis is considered butyrate producers (Schwiertz et al. 2010) , which can explain the result. On the other hand, there is no scientific evidence that members of Alteromonadaceae family are butyric producer; however, a high correlation between butyric acid levels and members of this family was found in this study. Members of Alteromonadaceae family are often associated to nutrient-rich environments with the ability to degrade several complex polysaccharides such as agar, chitin, cellulose, β-glucan, laminarin, pectin, pullulan, starch, and xylan (López-Pérez and Rodriguez-Valera 2014) . This way, the results indicate that members of Alteromonadaceae probably used the pectin as a substrate to generate SCFA.
Once the acetic and butyric acids seem to be predominantly anti-obesogenic (Chakraborti 2015; Morrison and Preston 2016) , their increase in the colon region, especially from obese people, is desirable. Butyrate has been found to increase mitochondrial activity, prevent metabolic endotoxemia, improve insulin sensitivity, possess anti-inflammatory potential, increase the intestinal barrier function, and protect against diet-induced obesity without causing hypophagia (Chakraborti 2015) , while acetate appears to stimulate leptin secretion in adipocytes (Zaibi et al. 2010) . Although there were no significant changes in propionic acid contents during the different treatments, propionate has also been found to be involved in obesity, inhibiting the cholesterol synthesis and regulating the body weight through a stimulatory effect on anorexigenic gut hormones (Chakraborti 2015) . Despite the significant increase in the Lachnospiraceae members (related to butyric and propionic acids production (Louis et al. 2010) ), as well as Lactobacillus (related to acetic acid production (Tachedjian et al. 2017) ) during treatment T1, only an increase in butyric acid (transverse and descending colon) was observed, whereas the levels of acetic and propionic acids were maintained. We believe that certain SCFAs, such as acetic acid produced during treatment T1, have probably been used by specific groups of bacteria, which converted them into other metabolites. The gut harbors a complex microbial community, where many interactions exist, including bacterial cross-feeding interactions. According to Ríos-Covián et al. (2016) , bacterial cross-feeding has a large impact on the final balance of SCFA production since some groups of microorganisms can utilize the end products from the metabolism of another bacterial group, like for example, the conversion of acetic acid produced by specific bacteria into butyrate for other groups (Louis et al. 2010) .
In this study, a significant decrease in ammonium ions was observed during all the treatments (T1, T2, and T3), especially T2 and T3. The concentration of ammonium ions in the intestine mainly results from amino acid deamination and urea hydrolysis by intestinal bacteria (Davila et al. 2013 ). According to Smith and MacFarlane (1998) , the addition of fermentable carbohydrates to microbial populations is directly linked to the reduction of NH 4 + in the intestine. This relationship, according to Ito et al. (1993) , can be explained by the inhibition of the peptides and amino acid fermentation in favor of carbohydrate fermentation by the intestinal microbiota. In this study, however, the reduction of NH 4 + seems to be more related to the decrease in proteolytic bacteria than to the switch of substrate, since the levels of ammonium ions were positively correlated with the proteolitic bacteria Clostridium, Streptococcus, and Bacteroides. The proteolytic activity in the large intestine is mainly attributed to the Bacteroides, Clostridium, Propionibacterium, Streptococcus, and Lactobacillus genera, which use amino acids as sources of nitrogen, carbon, and energy, generating NH 4 + as one of the intermediate or final metabolites (Macfarlane and Cummings 1991) . A significant reduction in Clostridium spp. was observed during all the treatments (p < 0.05) as well as Streptococcus and Bacteroides during treatments T2 and T3 (Table 1) , reducing thus the levels of ammonium ions.
Together with considerable decrease in proteolytic bacteria, treatment T1 (with B. longum BB-46) resulted in an increase of Bacteroides spp. (vessel 5) and Lactobacillus spp. (Table  1 ). This fact probably explains the lower reduction in ammonium ion production during the treatment T1 compared to treatments T2 and T3.
The reduction in NH 4 + in the colon is considered to be beneficial as these ions may alter the morphology and intermediate metabolism of the intestinal cells, increasing DNA synthesis and promoting the development of tumors (Ichikawa and Sakata 1998; Davila et al. 2013 ). In addition, Hughes et al. (2008) demonstrated that NH 4 + can increase cell permeability in the colonocytes, causing several host diseases.
In this study, it was also observed that pectin (T3) and pectin in combination with BB-46 (T2) inhibited the growth of Lachnospiraceae. Some studies have shown an association between obesity and the Lachnospiraceae family. Kameyama and Itoh (2014) identified a specific Lachnospiraceae bacterium (strain AJ110941) involved in metabolic disorders. They concluded that intestinal colonization by a Lachnospiraceae contributes to the development of diabetes in obese mice. According to Ravussin et al. (2012) , rats fed with a high-fat diet present high populations of Lachnospiraceae members, and a reduction is observed after weight loss. Changes in bacterial populations depend on many variables such as competition between bacteria for substrates, synthesis of antimicrobial agents, and bacterial metabolism (Mao et al. 2012 probably be related to the Ruminococcaceae increase. Both families have members able to produce butyric acid (Onrust et al. 2015) and can probably need similar substrates to survive, thus creating a competitive environment.
In summary, the dynamic view of the microbiome and microbial metabolites, exhibited by B. longum BB-46, pectin, and the combination of B. longum BB-46 and pectin, provided interesting insights into the interplay of probiotic and pectin with the microbiota. The results indicate that B. longum BB-46 and pectin have a different impact on obesity-related microbiota, but when combined, the predominant effect of the pectin can be observed. Treatments with pectin and pectin combined with B. longum BB-46 showed a high increase in bacteria with potential anti-inflammatory effects (Succinivibrionaceae members), an increase in SCFA, and a decrease in the Lachnospiraceae family. Based on literature, these findings indicate that the studied pectin can probably have a protective role on obesity. However, further clinical studies are necessary to evaluate the anti/proobesogenic and inflammatory effects of this pectin.
